Abstract. Recently, a new application of timedependent gravity observations is emerging: the study of natural hydrological mass changes and their underlying processes. Complementary to GRACE data and continuous recordings with superconducting gravimeters, repeated observations with relative instruments on a local network may contribute to gain additional information on spatial changes in hydrology. The questions that need to be addressed are whether the results of these repeated measurements will be of sufficiently high resolution and accuracy, as well as how unique the information obtained will be. To examine this, a local gravity network with maximum point distances of 65 m was established in a hilly area around the Geodynamic Observatory Moxa, Germany. Using three to five LaCoste & Romberg relative gravimeters repeated measurements were carried out in a seasonal rhythm as well as at particular events like snowmelt or dryness in 17 campaigns between November 2004 and April 2007. The standard deviations obtained by least squares adjustment range from ±9 nm/s 2 to ±14 nm/s 2 for a gravity difference of one campaign, thus for gravity changes between two campaigns from ±13 nm/s 2 to ±20 nm/s 2 . Between the points of the network, spatial gravity changes of up to 171 nm/s 2 (139 nm/s 2 between two successive campaigns) could be proven significantly. They correlate with changes in the local hydrological situation. Particularly, a steep slope next to the observatory is identified as a gravimetrically significant hydrological compartment. The results obtained contribute to an improved reduction of the local hydrological signal in continuous gravity recordings and provide constraints to hydrological models.
Introduction
Hydrological variations and their underlying processes have become an important focus of scientific interest in recent years, in particular as they represent a significant, broadband disturbance in geodynamic observations, especially in records of superconducting gravimeters. Effects in time-dependent gravity observations due to water level and soil moisture variations, precipitation events, and snow covering have been discussed for a while (e.g. Abe et al, 2006; Amalvict et al, 2004; Bonatz, 1967; Bower and Courtier, 1998; Crossley et al, 1998; Elstner, 1987; Elstner and Kautzleben, 1982; Harnisch and Harnisch, 1999; Imanishi, 2000; Kroner, 2001; Kroner et al, 2007; Lambert and Beaumont, 1977; Mäki-nen and Tattari, 1988; Meurers et al, 2007; Peter et al, 1995; Sato et al, 2006; Virtanen, 2000; Zerbini et al, 2001 ). They range from a few nm/s 2 to some 10 nm/s 2 (10 nm/s 2 = 1µGal). Geodynamic signals, for instance from large-scale variations in the continental water balance, oscillations of the Earth's core or coseismic variations (Imanishi et al, 2004) are expected in a similar or even smaller order of magnitude. Hence, the investigation of geodynamic variations of a few nm/s 2 requires the elimination of this disturbing influence.
Recent studies regarding the reduction of hydrological effects in gravity observations (Boy and Hinderer, 2006; Harnisch and Harnisch, 2006; Hokkanen et al, 2007a,b; Imanishi et al, 2006; Kroner and Jahr, 2006; Van Camp et al, 2006) emphasise that, in particular, local hydrological fluctuations have a major effect on geodynamic observations. The close vicinity of the station (< 100 m) may play a crucial role. From the comparison of local, regional, and global hydrological models with gravity observations, Virtanen et al (2006) concluded that for the station Metsähovi (Finland) , approximately 2/3 of the hydrological changes observed in gravity are caused by the local vicinity. Besides long-term, seasonal variations, short-term hydrological events like rainfalls cannot be neglected either (Meurers, 2006) .
The local hydrological changes also need to be known and eliminated in order to combine recordings from superconducting gravimeters with GRACE satellite observations and for comparison with hydrological models (Neumeyer et al, 2006) . In this context, the question emerges to what extent gravity observations can be used to parameterise and validate hydrological modelling. To obtain the data necessary for water balances like precipitation, water level, evaporation and soil moisture is partially difficult and generally only possible for a limited number of point observations (Hasan et al, 2006; Krause et al, 2005) . The advantage of gravity data lies in the fact that they contain integral information on hydrological mass changes.
Besides large-scale GRACE satellite observations and ground monitoring at one location, small-scale spatial information is of interest to gain a broader knowledge about the hydrological processes acting in the subsoil and to deduce constraints for hydrological modelling on a local scale.
With the only absolute gravimeter available for spatially distributed outdoor measurements, the A10, developed by Micro-g LaCoste, an accuracy of ±50 nm/s 2 can be obtained, which is not sufficient to significantly detect hydrological variations of some 10 nm/s 2 in gravity. This leaves the option of deploying classical relative instruments, which also have the advantage of being easily available.
Using relative instruments, Jentzsch et al (2004) detected temporal gravity changes at the Mayon, Merapi, and Galeras volcanoes with a standard deviation of ±100 nm/s 2 to ±180 nm/s 2 [point distances up to 20 km and a gravity range of up to 7500 µm/s 2 (750 mGal)]. Ergintav et al (2007) investigated temporal gravity changes due to postseismic deformations in the Marmara region, Turkey. They obtained accuracies of up to ±100 nm/s 2 by deploying two relative instruments (point distances of several 10 km and a gravity range of some 100 µm/s 2 ).
Regarding the Fennoscandian land uplift, relative measurements were carried out on a network with point distances of some 10 km and a gravity range of 5 µm/s 2 with standard deviations of some ±10 nm/s 2 (Ekman et al, 1987) . From several campaigns on local networks it is known that standard deviations between ±10 nm/s 2 and ±20 nm/s 2 can be achieved for one difference using a collection of instruments (Vitushkin et al, 2002) . Tattari (1988, 1991) observed gravity variations related to hydrology with two relative gravimeters between two points with standard deviations of up to ±13 nm/s 2 (point distance 2 km, gravity range 0.6 µm/s 2 ).
However, this study deals with the question whether or not it is possible to reach standard deviations of about ±10 nm/s 2 on a local network, consisting of several points using relative gravimeters in repeated campaigns. If the answer is yes, spatially distributed gravity observations with relative instruments can lead to better, quantitative information on hydrological processes in the subsoil. Thus, on the one hand an improved reduction for local hydrological disturbances in continuous gravity observations may be developed. On the other hand, information can be gained from which additional constraints for hydrological models can be derived.
The investigations are carried out in the surroundings of the Geodynamic Observatory Moxa, Germany, at which a superconducting gravimeter is operated. The observatory lies in a narrow north-south striking valley with a small creek, the Silberleite (Fig. 1) . The area is characterised by hilly topography and inhomogeneous subsoil. Water is stored as soil moisture, fissure water, ground water, in the canopy, and as snow in winter. The water masses are located above and below the level of the superconducting gravimeter and the aquifers are partially confined. The rain water partially drains off on the surface, partially percolates into the fissured rock and is partially stored in the soil layer (Hasan et al, 2006; Kroner et al, 2007) . Gravity changes observed with the superconducting gravimeter turned out to be correlated with hydrological variations (Kroner, 2001 ). Effects related to water level and soil moisture variations were found.
The topography plays an important role in the local interaction between hydrology and gravity at Moxa. To the east, directly next to the observatory building, a steep slope rises in which interflow processes could be verified by experiments (Kroner and Jahr, 2006) . Nevertheless, the significance of effects by time-delayed flow processes in the steep slope is not clear yet. The extension of the local gravimetrical significant area is also not known, and it needs to be determined which of the hydrological contributors dominate in which frequency range.
Local gravity network and observations
To detect hydrological variations in gravity within a defined area, the local gravity network MoxaNet was established in the surroundings of Moxa observatory. It consists of 12 observation points on massive concrete pillars in hydrologically different areas. Nine points were installed on already existing pillars in and around the observatory, three pillars were newly built with a diameter of 0.3 m and a foundation depth of 1 m. Six points are located on an east-west profile running perpendicular to the topography in distances from a few up to 65 m (Fig. 1) . The maximum height difference between these points is 25 m, the maximum gravity difference is 44.2 µm/s 2 (4.42 mGal). One point (ET) lies on the hill to the east of the observatory near the top of the steep slope, a second point (DA) on the soil-covered roof of the observatory building. Another point (SG) is next to the superconducting gravimeter in the observatory building at the base of the steep slope, so the data of the superconducting gravimeter can serve as a reference. Three more sites (AG, MB, WE) are situated in the valley in increasing distances to the superconducting gravimeter. The point AG lies inside the observatory building, the points MB and WE outside, the point WE next to the Silberleite creek in an almost universally wet area.
The stability of the points was checked by repeated levelling. Significant height changes could not be found within the achieved accuracy of ±1.5 mm. Therefore, the stability of the points is better than ±1.5 mm.
For the measurements three to five LaCoste & Romberg (LCR) relative gravimeters (G085, G858, D187, G662, and G896) were used, some of them chosen because of their very high accuracy known. All gravimeters are equipped with an electronic feedback system and the G662, G896, and D187 with electronic levels.
Measurements were carried out over a period of 26 months between November 2004 and April 2007 in 17 campaigns (lasting 2 or 3 days; Table 3 ) in a seasonal rhythm as well as at special hydrological events (snowmelt, intense rain, dryness; Fig. 3 ). For the measurements, the step method (Torge, 1989) was applied. The points SG, AG, and MB were connected to a triangle; and each of the stations WE, DA, and ET was connected to two points of this triangle. Each observed gravity difference was measured at least five times with each gravimeter. Using four gravimeters, this results in 20 ties minimum between two points. Each observation is the arithmetic mean of three gravimeter readings at different spindle positions and with three different feedback readings, all close to zero (Sect. ). This results in a well configured network with approximately 200 observed gravity differences for each campaign.
Calibration
From long experience, the instruments used are known as high accuracy and robust instruments with low and stable drift rates (Atzbacher and Gerstenecker, 1993; Ergintav et al, 2007; Jentzsch et al, 2004; Kanngieser et al, 1983) . Regarding the desired accuracy of ±10 nm/s 2 , the calibration, their stability, and systematics of the instruments are important. Systematic instrument-specific errors can only be minimised by using several gravimeters in parallel. Furthermore, uncertainties in the calibration can be reduced.
At the vertical gravimeter calibration line Hanover, Germany (Kanngieser et al, 1983; Timmen and Gitlein, 2004) , periodic spindle calibration terms as well as linear and quadratic feedback cali-bration terms were determined for the gravimeters used. Linear calibration factors of the spindle were checked at the calibration line Hanover-Harz, which covers the gravity range of the MoxaNet. These calibration factors, shown in Table 1 and 2, were used additionally to the calibration given by the manufacturer.
Regarding the accuracy of ±10 nm/s 2 striven for and the gravity range of the MoxaNet (44.2 µm/s 2 ), linear calibration factors need to be stable within 1 · 10 −4 . The stability of the linear calibration factors of the instruments used has been proven over decades in campaigns carried out by Atzbacher and Gerstenecker (1993) ; Ergintav et al (2007) ; Jentzsch et al (2004) ; Kanngieser et al (1983) . Furthermore, the calibration values obtained on the Hanover-Harz line at different campaigns were compared with each other. Changes larger than 1 · 10 −4 could not be proved.
Periodic calibration terms arise due to the mechanical construction of the instruments. From long experience, these terms are known to be stable with time as long as the gravimeter is not modified. In contrast, the calibration factors of the feedback system 
Least squares adjustment
The data were analysed by least squares (LS) adjustment using the GRAVNA program (Wenzel, 1993) . The LS technique takes into account all observations to compute the unknowns (Großmann, 1969) . This leads to consistent results and provides an insight into the scale and the distribution of the discrepancies among the observations. The residual equation for one gravity difference measured with one gravimeter is given by Kanngieser et al (1983) and Wolf (1997) 
with the adjusted gravity difference (g i −g j ) between the stations i and j, the observed gravity difference (g i − g j ) between i and j, a linear drift coefficient D over the observation time t i − t j , and the residual v i, j . The observed gravity difference (g i − g j ) is computed by converting the gravimeter readings z i and z j into gravity values g i and g j using firstly the calibration table provided by the manufacturer and correcting the influence of atmospheric pressure and earth tides. Additionally, the calibration terms, determined at the gravimeter calibration system Hanover (Sect. ), are applied to the spindle readings. These are a linear calibration term E 1 (z i − z j ) and the periodic calibration terms
and
with the parameters X n = A n · cos φ n , Y n = A n · sin φ n , and A n = X 2 n +Y 2 n . In Eqs. (2) and (3), n is the number of the periodic calibration term, p the number of the periods to be corrected, A the amplitude, φ the phase, and T the period in counter units (CU) (Table 1). To the feedback readings of each gravimeter a linear and quadratic calibration term was applied (Table 2) . Finally, the observed gravity differences of all gravimeters used enter the LS adjustment.
Because hydrological variations are expected at all observation points, no point could be fixed in the LS adjustment. Therefore, a free network adjustment was performed for each campaign. The unknowns of the system are the linear drift coefficients of the gravimeters and the gravity values of the stations from which the gravity differences are calculated. The results obtained are the adjusted gravity differences with their standard deviations for each campaign. For further interpretation the temporal changes of these gravity differences are considered.
Accuracies and test measurements
The standard deviation m 0 for one single observation obtained in the combined adjustment of all gravimeters is between ±54 nm/s 2 and ±88 nm/s 2 (Table 3) . Besides the m 0 of the combined adjustment, the standard deviation m 0 of a single observation with each gravimeter used is also shown in Table 3 for each campaign. Statistically insignificant values (outlier criterium: > 3 · m 0 ) were removed from the data.
At the point SG time-dependent hydrologically caused gravity variations of a few 10 nm/s 2 could be detected in the data of the superconducting gravimeter (Kroner, 2001 ). In the first four campaigns of the repeated measurements the standard deviation m ∆g of an adjusted gravity difference is between ±12 nm/s 2 and ±31 nm/s 2 . Thus, the standard deviation m g of a gravity value at the stations is between ±8 nm/s 2 and ±22 nm/s 2 . These standard deviations obtained for the first four campaigns of the repeated measurements are too large to detect hydrological variations of a few 10 nm/s 2 significantly. To increase the accuracy, extensive tests were carried out:
• The comparison of the standard deviations m 0 of one single observation for the different gravimeters showes that the gravimeters LCR-G085, LCR-G858, and LCR-D187 are highprecision instruments (Table 3 ). The LCR-G662 also has a fairly small m 0 , but was not always available when needed. The LCR-G896 is less suitable for high-precision repeated measurements. Therefore, in the following campaigns mainly the instruments LCR-G085, LCR-G858, and LCR-D187 were used.
• A simple model was used to get a first rough estimate of the hydrological effects to be expected at the various observation points. It includes a soil layer (thickness 1.5 m, porosity 25 %), a fissured rock layer (thickness 15 m, porosity 2 %), and the topography in the observatory surroundings. A change from a very wet to a dry situation was considered. The volumetric soil water content was assumed to decrease by 5 % for the soil layer, and 2 % for the fissured rock layer. From the results a gravity increase of 38 nm/s 2 for the point SG, and a gravity decrease of 22 nm/s 2 for the point MB and 89 nm/s 2 for the point ET is derived. Therefore, the difference SG-ET increases by 127 nm/s 2 , the difference MB-ET by 67 nm/s 2 , and the difference MB-SG decreases by 60 nm/s 2 .
• From the estimate can be inferred that the largest effects ought occur between points in the valley and the higher located points due to their different hydrological situation. Thus, the measurements were focussed on the six points on the profile running perpendicular to the topography (Fig. 1 ). In addition, some hydrological events like snowmelt or heavy rain last only a few days or less. To catch these events in the repeated campaigns the gravity network needs to be covered within a few days; the observation campaign needs to be completed before the hydrological situation changes. The tests showed that the gravity differences between the six observation points on the profile can be covered within 2 days.
• In the first four campaigns different network configurations were tested in order to achieve the best results regarding accuracy and effective measuring regime. In these campaigns measurements were carried out not always at the points WE and DA.
• The gravity differences from the points within the valley to the point ET at the steep slope are the largest in the MoxaNet. Furthermore, the transportation of the instrument to the point ET takes approximately 15 min, between the points in the valley less than 5 min. Therefore, these differences to the point ET are affected by the largest errors. To counter this, the number n of observed gravity differences (g i − g j ) from two points in the valley to the point ET was increased from 10 to 14.
• In the first four campaigns occasionally a smaller number of gravity differences than described in Sect. was observed. This partially could have caused the lower accuracies in this start period of the measurements. The observation scheme described in Sect. turned out to be best suited; it was used in the campagins 5-17. • Highest accuracies are obtained if always the same well-versed persons observe the gravity differences, each person always with the same gravimeter.
• The LS adjustment was done with and without consideration of periodic spindle calibration terms. The results with higher accuracy are obtained when periodic terms are taken into account.
Considering these findings, in the subsequent campaigns the standard deviation m ∆g of an adjusted gravity difference ranges between ±9 nm/s 2 and ±14 nm/s 2 . Thus, the standard deviation m g of a gravity value at the stations is between ±6 nm/s 2 and ±10 nm/s 2 (Table 3) . It is within the order of magnitude of the time-dependent hydrologically caused gravity variations observed near the point SG by the superconducting gravimeter.
Results
The scattering of the observed, drift-reduced gravity differences (g i − g j ) (Eq. 1) and the temporal changes between the campaigns are shown in Fig. 2 for each LCR gravimeter used, and for all gravity differences between the points MB, AG, SG, and ET. In the first four campaigns the scattering is larger than in the following campaigns due to changes in the network design (Sect. ). The results obtained with the different gravimeters fit together well. This is one prerequisite to achieve reliable results in the combined adjustment.
Significant temporal changes cannot be proven in the individual differences, but tendencies can be identified: Between the campaigns 5 and 6, as well as 9 and 10 an increase in the differences MB-ET and AG-ET is observed with all gravimeters (Fig. 2 a, b) . This increase also can be identified between the campaigns 9 and 10 in the difference SG-ET (Fig. 2 c) , at LCR-G085 LCR-G858 LCR-D187 LCR-G662 LCR-G896 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 23 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 10 10 10 10 10 10 10 10 10 10 11 11 11 11 11 11 11 11 11 11 12 12 12 12 12 12 12 12 12 12 13 13 13 13 13 13 13 Temporal changes in the gravity differences with standard deviation and some hydrological parameters at the observation points: a gravity changes between different points in the valley in different distance to the steep slope and point ET on the hill (cf. Fig. 1 ), b gravity changes between different points in the valley in different distance to the steep slope and point DA on the roof of the observatory, c gravity changes between the points in the valley and point SG, d soil moisture variations at point DA at 1 m depth, e soil moisture variations at point MB at 1 m depth, f mostly pore water pressure induced water level variations at point SG, g water level variations at point MB.
campaign 6 this difference was not observed. Regarding the differences including the point ET (Fig. 2 a-c) , the scattering is larger than for the differences between stations within the Silberleite valley (Fig. 2 d-f ). This is due to the large gravity difference and the long transportation time to the point ET (Sect. ).
Despite the small gravity differences between the points within the valley, temporal changes can be identified likewise, partially with opposite tendencies. For instance, between the campaigns 5 and 6 a decrease in the differences MB-AG and MB-SG is observed by all gravimeters used (Fig. 2 e, f) , whereas the difference AG-SG increases (Fig. 2 d) . However, these tendencies become more evident regarding the adjusted gravity differences.
In Fig. 3 the results of the repeated observations are shown. Besides the temporal changes in the adjusted gravity differences with standard deviation (Fig. 3 a-c) , variations of some hydrological parameters are also given (Fig. 3 d-g ).
The standard deviation obtained for one adjusted gravity difference of one campaign ranges from ±9 nm/s 2 to ±14 nm/s 2 , and for gravity changes between two campaigns from ±13 nm/s 2 to ±20 nm/s 2 (Table 3 , Fig. 3 a-c) . Thus, gravity changes obtained larger then the double standard deviation, which ranges from ±26 nm/s 2 to ±40 nm/s 2 , are significant.
Maximum changes of 171 nm/s 2 (139 nm/s 2 between the two successive campaigns 5 and 6) are observed in the gravity differences between the points within the Silberleite valley and the point ET near the top of the steep slope (Fig. 3 a) . These changes are maximum for the differences containing the points SG and AG, both situated in the observatory building, and decrease for the differences from the points in the valley with increasing distance from the slope: For the difference from the point SG which is closest to the steep slope they reach 171 nm/s 2 , for the differences from the point AG in 8 m distance to the slope 136 nm/s 2 , and for the difference from the point WE outside the observatory only 101 nm/s 2 . A similar result is found for the gravity differences between the points within the valley and the point DA on the observatory roof (Fig. 3 b) . These differences also show large variations of up to 130 nm/s 2 which mostly decrease for the differences from the points in the valley with increasing distance from the slope.
These results indicate that the hill slope plays a crucial role in the changes of the gravity differences. The stronger the changes in the topography between two observation points, the larger are the gravity changes. This is also recognisable in the gravity differences between the observation points within the valley (Fig. 3 c) . For these differences, no significant changes are detectable, but trends can be observed. The unusual high values of these differences in campaign 4 may be due to changes in the network design at campaign 4 and the fact that the high-precision instruments G858 and D187 were missing in this campaign (Sect. , Table 3 ). However, in the following campaigns the changes in the difference AG-SG show almost always an opposite trend to the differences MB-SG and WE-SG, which can be explained by the particular situation of the points AG and SG, both inside the observatory building. This trend is also visible in the gravity changes between the points within the valley and the point ET or DA (Fig. 3 a, b) ; in particular between campaigns 5 and 6, as well as 16 and 17.
As an indication of the respective hydrological situation, water level variations at the points MB and SG as well as soil moisture variations at the points MB and DA are also shown in Fig. 3 . Water level variations are monitored using the hydrostatic pressure sensor water pilot FMX 167 by Endress+Hauser. Soil moisture variations are observed using Trime-EZ TDR probes. The soil moisture data show variations of up to 6 % ( Fig. 3 d, e) , the water level observations of up to 1,500 mm (Fig. 3 f, g ), with peaks after rain events or at snowmelts.
Comparing the obtained temporal changes in the gravity differences with variations of the hydrological parameters observed, essential results can be derived:
During wet conditions, recognisable from high water level and high soil moisture (peaks in Fig. 3 dg ) as well as the appearance of water in usually dry areas, the gravity differences between various points in the Silberleite valley in different distance to the steep slope and the point ET near the top of the steep slope east of the observatory are smaller, during dry conditions significantly larger (Fig. 3 a) . Between snowmelt and dry summer in the years 2005 and 2006 (between campaigns 5 and 6, as well as 9 and 11) the maximum changes of up to 139 nm/s 2 could be observed. During snowmelt (wet condition) the gravity differences are some ten nm/s 2 smaller than in the dry summer. A long lasting snow cover between campaigns 8 and 9 caused a rather low water level (Fig. 3 f, g ) and made gravity measurements impossible.
The different hydrological effects (e.g. soil moisture, ground water, fissure water) which are influencing gravity in the different hydrological com-partments partially compensate in the middle of the valley (points WE and MB), but increase at the steep slope (points SG and AG). Thus, hydrologically caused gravity changes also appear in the differences AG-SG, MB-SG, and WE-SG in the Silberleite valley as shown in Fig. 3 c. The deviations in the changes of the gravity differences between the points within the valley and the opposite trend described above may be explained by the respective position of the observation points and their local hydrological situation. In particular, the points SG and AG are strongly influenced by hydrological variations in the hill.
Very local particularities have an essential influence on the gravity differences and result in a very complex image of the temporal changes. The observed gravity changes are significantly influenced by the hydrological processes acting in the steep slope between the point on the hill and the points in the valley. They can be explained by varying water masses within the slope. This influence is larger than firstly expected as the changes in the gravity differences show. From observations with the superconducting gravimeter, the hydrological influence of the hill slope can only be deduced indirectly. This effect becomes only "visible" because of the almost nonexistence of seasonal variations in the data related to changes in the continental water storage found at other stations. At Moxa the hydrological influence from the hill slope practically compensates this signal.
The changes in the gravity differences between different points in the valley and the point DA on the observatory roof (Fig. 3 b) also depend on the hydrological situation. The differences SG-DA and AG-DA (e.g. between campaigns 5 and 6) show a similar behaviour as well as the differences MB-DA and WE-DA. The roof of the observatory was covered with waterproof film in autumn 2005. This reduced the soil moisture variations on the roof (Fig. 3 d) . However, the observed gravity changes do not decrease after the sealing of the roof. This shows that soil moisture variations on the roof have only a minor impact on the gravity differences. Other hydrological processes in the surrounding, in particular water storage and flow processes in the hill slope, have a larger impact. Thus, the sealing of the roof had only a minor effect on the gravity differences. In the data of the superconducting gravimeter the sealing effect can be observed. It would probably be possible to measure it in the gravity differences too, if they could be recorded continuously.
As described above, the observed gravity changes are associated with the hydrological situation at the respective points as indicated by soil moisture and water level measurements. However, the hydrological situation at Moxa observatory is rather complicated and a direct correlation between changes in the gravity differences and soil moisture or water level variations is not always fully observable. For instance, the changes between campaigns 12 and 15 (Fig. 3 a-c) do not clearly reflect the observed soil moisture or water level variations at the points SG, MB, or DA. But the soil moisture and water level observations describe only the particular situation at the point of the measurement. They do not need to be valid in some distance to these points. In contrast, the gravimeter detects the integral hydrological signal. Thus, a direct correlation between hydrological time series and the gravity differences is not to be expected. The hydrological data shown rather serve as an indicator for changes in the hydrological situation.
Conclusion and outlook
The objective of this study was to investigate the possibility to detect spatial hydrological variations of a few 10 nm/s 2 using relative gravimeters and to identify, understand and quantify hydrological processes by their influence on gravity. For this purpose, a local gravity network was established and spatially distributed measurements were carried out using LCR relative gravimeters in a seasonal rhythm as well as at special hydrological events like snowmelt or dryness. From the results of these observations, the following conclusions can be drawn:
• Within a local gravity network with point distances of several 10 m, it is basically possible to achieve standard deviations between ±9 nm/s 2 and ±14 nm/s 2 for one adjusted gravity difference of one campaign by repeated measurements using LCR relative instruments.
• Changes in the gravity differences turned out to be associated with hydrological processes. Hydrological mass shifts between points in different hydrological areas of up to 171 nm/s 2 (139 nm/s 2 between two successive campaigns), for instance caused by hilly topography, could be proven significantly.
• A previously unknown gravimetrically significant hydrological storage in the hill to the east of Moxa observatory could be localised by the spatially distributed measurements.
Additionally, it can be derived from the results that for other high-precision measurements, including the calibration of relative gravimeters on calibra-tion lines, effects due to hydrology may have a nonnegligible influence. They also may strongly depend on very local changes in the topography. Depending on the gravity range covered by the calibration line in particular the determination of periodic calibration terms may be influenced and the accuracy may be reduced. In outdoor gravimeter calibration lines in hilly topography effects of some ±10 nm/s 2 may occur. Point locations with a minimum hydrological influence should be chosen to minimise this effect.
As this study shows, the hydrological situation at Moxa observatory and the dependency between gravity and hydrology is rather complicated. To fully understand the observed gravity variations, to improve the reduction of the data of the superconducting gravimeter, and to provide constraints to hydrological models, gravimetric 3D modelling of the observatory surroundings will be carried out. Using the software IGMAS (Götze and Lahmeyer, 1988) it will be based on a geological and a soil mapping. Hydrological observations as well as a small-scale hydrological catchment model provide the input for the timedependent gravimetric modelling. Together with the gravity observations the results of the modelling can be interpreted quantitatively and the dependency between gravity and hydrology can be studied in a comprehensive geological and hydrological context.
